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Abstract

Using an electron beam ion trap, we have measured the relative cross sections
for Fe XXIV line emission at electron energies between 0.7 and 3.0 keV. Good
agreements with distorted wave and R-matrix calculations are found at ener-
gies above 1.5 keV. At lower energies, the contributions of resonant excitation
are observed and agree with R-matrix calculations. Below the excitation
thresholds, the intensities of dielectronic recombination satellites for capture
into n > 5 levels are measured.

1. Introduction

We have measured n = 3 — n = 2 line emission of Fe XXIV
at electron energies between ~0.7 and 3.0 keV. Here we present
the relative cross sections for producing Fe XXIV line emi-
ssion at 4 =11.18A, 2 =10.62A, and . = 10.66A and the
associated Fe XXIII satellite lines produced by dielectronic
recombination (DR) which blend with these features.

Various processes contribute to the line emission observed
from a collisionally ionized plasma. Direct excitation (DE)
is the most important one at energies above the threshold.
Resonant excitation (RE) can populate the same levels as
DE via dielectronic capture followed by autoionization to
the level of interest. Below the threshold, DR onto Fe XXIV
produces high n satellites which cannot be resolved from
the Li-like lines.

In this work, we have observed the following processes:

DE
Fe?*(2s) + e~ — Fe®T(3l) + e~ — Fe?*(2l) + hv; + e~
RE
Fe?*(2s) + e~ — Fe??*(4lI'nl") — Fe?*(3l) + ¢~

— Fe?t(Q21")+hv + ¢
DR
Fe»*(2s) + e~ — Fe?**(3Inl') — Fe?**(2I"nl’) 4+ hv,y + e~

with /=p and d. Quantum mechanically, there is no way to
distinguish between DE and RE, and we measure the coher-
ent sum of the two processes. DR satellites with n > 5 are
not resolved spectroscopically from the corresponding Li-like
lines. Their contributions are separated using the fact that they
occur at electron energies below the EIE (electron impact
excitation) thresholds.
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2. Experimental Technique

EBIT [1] uses a magnetically confined electron beam to pro-
duce a potential well which traps the ions in the radial
direction. In the axial direction, ions are trapped by voltages
applied to the top and bottom drift tubes. The electron beam
is also used to ionize and excite the trapped ions. Radiative
decay of the excited ions results in X-ray emission which is
observed by flat crystal spectrometers (FCS) [2] through
the X-ray ports.

We collect data as the beam energy is linearly swept
between ~0.7 and 3.0 keV using an event-mode data acqui-
sition system [3]. During the sweeping of the beam energy,
the charge balance changes insignificantly because the sweep
period is chosen to be much smaller than the ionization
and recombination time scales at these energies. By varying
the anode voltage of the electron gun synchronously with
the beam energy, we maintain a constant electron density
and beam-ion overlap. The measured line intensities as a func-
tion of beam energy therefore may be used to derive the exci-
tation cross sections by normalizing the results to theory.
In this work, we use R-matrix [4] calculations of the
2s12—3ds,, cross section at energies between 2 and 3 keV
as our normalization. In this energy range, cascades from
higher levels contribute to the observed line emission. The
contributions from n < 7 levels are included using the Hebrew
University Lawrence Livermore Atomic Code (HULLAC) [5]
calculations. The 3ds;; — 2p;), transition blends with the
3d;;2 — 2p3j,. The predicted 10% contribution from
3d3;2 — 2p3;; has been subtracted out. The 3p;,; — 281,
and 3p, , — 2s); transition have higher photon energies than
3ds;» — 2ps;;, and the transmittances of the spectrometer
and detector windows are higher. These effects are accounted
for as described in Ref. [6].

3. Results

Figure 1 shows the normalized cross sections for producing
the 3p3/2 — 2S1/2, 3p1/2 — 251/2 and 3d5/2 — 2p3/2 line
emission. The error bars on the data points show the 1o stat-
istical uncertainties. Note that additional ~6-8%
uncertainties due to the normalization may shift the various
curves without changing their shape. The 3/5/ and 3/6/
DR resonances are well separated. All other DR resonances
between ~1.0 keV and the thresholds are unresolved and
appear as a continuous increase in the cross sections. The
RE feature at ~1.25 keV is produced by dielectronic capture
into the 4/5/" level followed by autoionization to the 3ps),
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Fig. 1. Normalized cross sections for producing Fe XXIV line emission. The
solid lines are the R-matrix calculations of DE and RE [4] plus HULLAC
calculations for cascade contributions. The dashed lines are HULLAC
calculations. Below the thresholds, the line emission is due to DR satellites
for captured electrons in the n > 5 Rydberg levels. The data points at energies
above ~1.5 keV have been rebinned to have an ~55 eV bin size for clarity. Those
below ~1.5 keV have an ~I11 eV bin size.

3py1 2, or 3ds)y levels of Fe XXIV. The feature at ~1.35 keV is
associated with the dielectronic capture into 4/6/". The theor-
etical calculations shown in Fig. 1 include cascades for
n <7 using HULLAC data. The beam energy spread is nearly
Gaussian [7]. The FWHM is determined by fitting the
3/5I' DR peak and a value of 45 eV is found. The theoretical
curves have been convolved with the beam energy dis-
tribution.
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We find excellent agreement between the R-matrix and dis-
torted wave HULLAC cross sections and our measurements,
except at energies near threshold where the HULLAC calcu-
lations do not account for RE contributions. Integrating
our results with a Maxwellian electron energy distribution,
we find that at temperatures where the Fe XXIV abundance
peaks in collisionally ionized plasmas, RE contributes
~5% to the total line emission.

The n > 5 DR satellites contribute ~10% to the total Fe
XXIV line emission at temperatures where the ion is abun-
dant in collisionally ionized plasmas. The » =3 and 4
satellites are expected to have larger cross sections and total
contributions from all DR satellites may be as large as ~20%.

4. Conclusions

We have measured the relative cross sections for producing Fe
XXI1V, and transitions at the electron energies between ~0.7
and 3.0 keV. Good agreement is found with R-matrix and dis-
torted wave calculations At temperatures where Fe XXIV
is abundant in collisionally ionized plasmas, RE contributes
~5% and the n > 5 DR satellites contribute ~10% to the total
line emission. Including the DR satellites for » = 3 and 4,
these contributions are non-negligible. In situations where
the ionization balance is not determined by the kinetic tem-
perature of plasmas, RE and DR satellites may dominate
the line emission.
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